We consider Hawking radiation as due to a tunneling process in a black hole were quantum corrections, derived from Quantum Einstein Gravity, are taken into account. The consequent derivation, satisfying conservation laws, leads to a deviation from an exact thermal spectrum. The non-thermal radiation is shown to carry information out of the black hole. Under the appropriate approximation, a quantum corrected temperature is assigned to the black hole. The evolution of the quantum black hole as it evaporates is then described by taking into account the full implications of energy conservation as well as the back-scattered radiation. It is shown that, as a critical mass of the order of Planck's mass is reached, the evaporation process decelerates abruptly while the black hole mass decays towards this critical mass.
Introduction
Based on results of quantum field theory on a fixed curved background (Schwarzschild's solution) Hawking showed in 1975 [1] that black holes radiate a thermal spectrum of particles and derived an exact expression for their entropy. Only recently [2] Hawking radiation has been derived taking into account the back-reaction effect of the radiation on the black hole thanks to the requirement of energy conservation. Moreover, the method proposed in [2] corresponds with the heuristic picture most commonly proposed of pair creation near the horizon of the black hole and the corresponding tunneling of particles.
One of the most interesting features of the tunneling method is that it shows that new terms appear in the distribution function which deviate it from pure thermal emission, i.e. the standard Boltzmann distribution. Since the claim of information loss in black holes [3] has as one of its pillars that black holes have an exact thermal spectrum, it seems that the deviation from thermality could have consequences for the information loss paradox, i.e., the radiation could allow the information to escape the black hole.
Of course, this picture is incomplete since, in order to describe the last stages of black hole evaporation, one should take into account quantum gravity effects. A step in this direction was taken by Bonanno and Reuter in [4] by introducing an effective quantum spacetime for spherically symmetric black holes based on the Quantum Einstein Gravity approach. They did this by using the idea of the Wilsonian renormalization group [5] in order to study quantum effects in the Schwarzschild spacetime. Specifically, they obtained a renormalization group improvement of the Schwarzschild metric based upon a scale dependent Newton constant G obtained from the exact renormalization group equation for gravity [6] describing the scale dependence of the effective average action [7] [8] . Later, in [9] , the same authors described the strict thermal evolution of the improved black hole by estimating Hawking's energy flux directly from Stefan-Boltzmann's law.
Our aim in this letter is to analyze the evaporation of a quantum black hole (specifically, the solution found in [4] ) thanks to the consideration of a tunneling process in its horizon and, consequently, satisfying energy conservation. This has to allow us to find the quantum corrections to the temperature of the quantum black hole under the appropriate approximations. On the other hand, our study of the evolution of the evaporating quantum black hole satisfying energy conservation will take into account the effect of the non-negligible backscattered radiation. This analysis is intended to shed some light into the escape of information from black holes throughout their complete evaporation process as well as into the study of the lasts stages of their evaporation.
The letter has been divided as follows. Section 2 introduces the solution for the quantum black hole (the improved Schwarzschild spacetime) and its main properties. In section 3 we summarize black hole radiation according to the tunneling method in an extended improved Schwarzschild spacetime. In section 4 we consider the backscattering of the emitted radiation taking into account energy conservation. This allows us, in section 5, to evaluate the luminosity of a quantum black hole when energy conservation is imposed and to compare it with the standard 'thermal' result. The evolution of an evaporating quantum black hole fulfilling energy conservation is treated in section 6 . In section 7 we analyze the escape of information throughout the evaporation process. Finally the results are discussed in section 8.
Improved Schwarzschild solution
The renormalization group improved Schwarzschild solution found by Bonanno and Reuter [4] can be written as
where
2)
G 0 is Newton's universal gravitational constant, M is the mass measured by an observer at infinity andω and γ are constants coming from the non-perturbative renormalization group theory and from an appropriate "cutoff identification", respectively. Despite the preferred value for γ is γ = 9/2, it is argued [4] [9] that the qualitative properties of this solution are fairly insensitive to the precise value of this constant. In fact, the important differences appear only near the singularity. For instance, for the value γ = 9/2 the usual singularity in the classical Schwarzschild solution does not exist in the improved solution while if, in order to simplify the calculations, one chooses γ = 0 there is still a scalar curvature singularity at R = 0, even if it has a milder character than in the classical case [10] . On the other hand,ω can be found by comparison with the the standard perturbative quantization of Einstein's gravity (see [11] and references therein). It can be deduced that its precise value isω = 167/30π, but again the properties of the solution do not rely on its precise value as long as it is strictly positive. A relevant fact with regard toω is that it carries the quantum modifications. In effect, if we make explicit Planck's constant in (2.2), it can be considered thatω = 167 /30π and, thus,ω = 0 would turn off the quantum corrections.
The horizons in this solution can be found by solving
The number of positive real solutions to this equation correspond to the positive real solutions of a cubic equation and depends on the sign of its discriminant or, equivalently, on whether the mass is bigger, equal or smaller than a critical value M cr . In general, the critical value takes the form
where m p is the Planck's mass and the function a(γ) has, in general, an involved expression that, for reasonable values of γ satisfies a(γ) ∼ 1. In particular, the preferred value γ = 9/2 provide us with
while the value γ = 0 implies
If M > M cr then the equation has two positive real solutions {R − , R + } satisfying R − < R + . The inner solution R − represents a novelty with regard to the classical solution, while the outer solution R + can be considered as the improved Schwarzschild horizon, i.e., the Schwarzschild horizon when the quantum modifications are taken into account. The 'improvement' in this horizon can be made apparent for masses much bigger than Planck's mass if one expands R + in terms of m p /M obtaining
On the other hand, if M = M cr then there is only one positive real solution to the cubic equation, whereas if M < M cr the equation has not positive real solutions.
Tunneling
Let us now consider Hawking radiation coming out from an improved black hole satisfying M > M cr thanks to the tunneling process occurring through the outer horizon R + . First, we will rewrite the improved Schwarzschild's solution in Painlevé-like coordinates [12] so as to have coordinates which are not singular at the horizon. In order to do this it suffices to introduce a new coordinate t replacing the Schwarzschild-like time t S such that t = t S + h(R) and fix h(R) by demanding the constant time slices to be flat. In this way one gets:
where R can now take the values 0 < R < ∞. In these coordinates the radial null geodesics describing the evolution of test massless particles are given by
with the upper (lower) sign corresponding to outgoing (ingoing, respectively) geodesics.
Since the coefficients of the metric do not depend on t there is a killing vector ∂/∂t which is straightforwardly found to be timelike for R > R + , lightlike for R = R + (the event horizon) and spacelike for R − < R < R + 1 . The possibility of tunneling is based on the fact that the killing vector is spacelike beneath the event horizon, what allows the existence of negative energy states. Pair production can occur either just inside the horizon with a positive energy particle tunneling out or just outside the event horizon with a negative energy particle tunneling in. In [13] [2] it was found that, when a self-gravitating shell of energy E travels in a spacetime characterized by an ADM mass M, the geometry outside the shell is also characterized by M, but energy conservation implies that the geometry inside the shell is characterized by M − E. It was also found that the shell then moves on the geodesics given by the interior line element. In this way, according to (3.2), one expects a shell of energy E to satisfy the evolution equation
Let us first consider pair production occurring just beneath the event horizon with the positive energy particle tunneling out. The standard results of the WKB method for the tunneling through a potential barrier that would be classically forbidden can be directly applied due to the infinite redshift near the horizon [2] . In particular, the semiclassical emission rate will be given by Γ ∼ exp{−2ImS}, where S is the particle action. Therefore, we have to compute the imaginary part of the action for an outgoing positive energy particle which crosses the horizon R + outwards from R in to R out .
ImS = Im
Using Hamilton's equationṘ = +dH/dp R ⌋ R and H = M − E ′ , this can be written with the help of (3.3) as
If we define the functions f (R; E ′ ) and g(R; E ′ ) such that
then by deforming the contour of integration so as to ensure that positive energy solutions decay in time and taking into account that a particle just inside the horizon tunnels just outside a shrunken horizon (R in > R out ) one gets
We can then write (3.5) as
Tunneling also happens when a pair is created outside the horizon and the negative energy particle tunnels into the black hole. Then, following the procedure for the Schwarzschild case in [2] , the imaginary part of the action for this ingoing particle satisfies
what coincides with the result for the 'particle channel' (3.6). Both particle and antiparticle tunneling contribute to the rate of the Hawking process, but we have seen that both contributions provide us with the same exponential term for the semiclassical rate
When quadratic terms are neglected we can develop Im S up to first order in E as
E obtaining a thermal radiation for the quantum black hole (Γ ∼ exp{−E/T QBH }) with temperature
This coincides with the expected temperature obtained by computing it as T = κ/(2π), where κ = f ′ (R + )/2 is the standard surface gravity of the black hole of mass M. Even if the explicit form of g(R + ; 0) with γ = 0 is rather complex, one can get an idea of the quantum gravity modifications to the tunneling for the Schwarzschild case [2] (ω = 0) when the black hole mass is much bigger than Planck's mass by performing an expansion in terms of Planck's constant or, in other words, ofω, obtaining 10) where the first term is the standard Hawking-Bekenstein temperature and the second term corresponds to the quantum modification to the temperature associated with the improvements to Schwarzschild's solution. These quantum modifications are more relevant if the black hole mass is of the order of the critical mass and, in fact, the temperature even becomes zero if the mass equals the critical mass. Notwithstanding these results about the temperature of the black hole, it is important to remark that the higher order terms in E, neglected in (3.9) and (3.10), imply a deviation from pure thermal emission.
Backscattering and energy conservation
Whenever a wave is radiated from the black hole horizon its wave function satisfies a wave equation with an effective potential that depends on R and the wave's angular momentum. This potential represents a barrier to the outgoing radiation, so that part of the radiation does not reach the future null infinity, but it is back-scattered. One can then define the usual reflection r l (E) and transmissions t l (E) coefficients [14] for the scattering. In this way, it can be shown that the distribution function < n(E, l) > for the Hawking radiation will be modulated as seen from infinity by a factor β El ≡ |t l (E)| 2 that is called the grey-body factor [15] . Moreover, without taking into account energy conservation, it can be shown (see, for example, [16] ) that for any static spherically symmetric black hole with outer horizon R + , and whenever EM ≪ 1, the main contribution to the grey-body factor comes from the zero angular momentum l = 0 and takes the form
For black hole masses much bigger than Planck's mass we have R + ≃ 2G 0 M so that the grey-body factor takes the usual form [17] for a Schwarzschild black hole
The 'standard' approximated grey-body factor neglects the effect of energy conservation and its subsequent back-reaction on the metric. However, according to our philosophy in this letter we would be interested in finding a better approximation that does take energy conservation into account. As we stated in the previous section, in [13] [2] it was shown that whenever an outgoing self-gravitating shell of energy E travels in a spacetime of total ADM mass M energy conservation implies that the shell moves on the null geodesics given by the interior line element with mass M −E. On the other hand, this result can be extrapolated to ingoing shells (since a spacetime with an ingoing shell can be interpreted as the time-reversal of a spacetime with an outgoing shell). In this way, if an outgoing shell is back-scattered, thus becoming ingoing, the shell will have always moved on null geodesics given by a line element with mass M −E. Therefore, in order to obtain the modified approximated grey-body factor it suffices to repeat the usual backscattering calculations, but taking as the black hole mass M − E instead of the standard choice M. With this, one just gets the straightforward result -in view of (4.1)-:
where, as previously, R + (E) is R + with M replaced by M − E.
Spectral distribution and luminosity
Let us recall that neglecting quantum corrections and energy conservation we would have the standard thermal distribution for photons
and the total flux, including back-scattering [15] ,
It is important to remark that the effect of backscattering cannot be neglected since the calculation without taking into account this factor result in total luminosities for the black hole around ten times bigger. Note also that, the usual approximation here [15] is to keep the form of the greybody factor in all the range of E (even if, strictly speaking, it should satisfy β Schw. ≤ 1) since the distribution function decreases exponentially as E grows.
On the other hand, if we consider the full consequences of energy conservation, the distribution function for the emission of photons can be written as (see [18] -correcting the result in [13]-)
What for our quantum corrected solution becomes
In order to compare this with the standard result (5.1) note that if, and only if, the black hole mass is much bigger than Planck's mass, we can write it approximately as
According to our comments in section 2, there are no horizons if the black hole mass is smaller than M cr . Therefore, f (R; E ′ ) = 0 has no positive real solutions if the black hole mass (here M −E ′ ) is smaller than M cr . In other words, g(R; E ′ ) would be real if, and only if, the energy of the emitted particle E ′ satisfies E ′ ≤ M − M cr . This is very interesting since it imposes energy conservation by forbidding the emitted quantum to carry more energy than the black hole mass. Moreover, using (5.3), the luminosity modulated according to the greybody factor β EC has to be written as
where we are taking into account in the integration limits that the maximum energy of a radiated particle could be M − M cr . (In fact, this can be taken as an indication that a thermal spectrum, which would contain a tail of arbitrarily high energies, can not provide us with the correct spectrum).
It is important to note that for masses much bigger than Planck's mass the integrand in (5.4) is very similar to the integrand that appears without considering quantum corrections and energy conservation (5.2). Therefore, with regard to the total luminosity as seen from infinity, one expects the results of its computation to be very similar for macroscopic black holes regardless of whether quantum corrections and energy conservation are taken into account (5.4) or not (5.2). For these macroscopic black holes, the luminosity should grow as the mass of the black hole decreases. The differences become important as the lasts stages of the evaporation process are reached (see figure 1) , since the luminosity in the standard 'thermal' approach keeps increasing while, considering quantum corrections and energy conservation, the luminosity reaches a maximum and then decreases as the black hole's mass keeps decreasing (whenever its mass is bigger than the critical mass). Furthermore, the luminosity for an improved black hole with mass equal to the critical mass would be zero. This sharply contrasts with the standard result (5.2) that provides bigger luminosities for smaller masses and even implies that the luminosity diverges as the black hole's mass tends to zero, what should be considered as a nonsensical result that, even if quantum corrections were not considered, would be avoided by not allowing the black hole to emit particles with energies bigger than its own mass.
Evaporating model
In order to modelize the evaporating black hole, let us first write the improved Schwarzschild's metric (2.1) in terms of ingoing Eddington-Finkelstein-like coordinates {u, R, θ, ϕ}, where has been drawn considering the standard Schwarzschild background and neglecting energy conservation. As can be seen, in the standard case, if energy conservation is neglected the luminosity diverges as the black hole approaches its total evaporation. On the other hand, quantum corrections and energy conservation imply that the luminosity reaches a maximum for a non-null mass while it is zero for M < M cr . A detail of the quantum corrected luminosity around M cr is shown to the right.
as
This solution does not reflect the back-reaction associated to the lost of mass due to the tunneling effect. However, we can modelize the mass lost taking into account that, whenever a pair of virtual particles is created, when the particle with positive energy escapes to infinity its companion, with negative energy, falls into the black hole thus reducing its mass.
In this way, if we consider negative energy massless particles following ingoing null geodesics u =constant, the mass of the black hole becomes a decreasing function M(u). The metric which incorporates the effect of the decreasing BH mass due to the ingoing null radiation is (6.1) with M replaced by M(u), i.e., it corresponds to an improved ingoing Vaidya solution [9] 
On the other hand, the flux of negative energy particles directed towards the black hole equals the flux of outgoing radiated particles and, therefore,
If we add to this picture that part of the (positive energy) outgoing radiation is backscattered (a fact that is reflected in the greybody factor β) we should use in this equation L(M(u)) modulated by the backscattered radiation. For instance, one can consider the evolution corresponding to an evaporating BH taking into account the backscattered radiation, but neglecting quantum gravity corrections and the consequences of energy conservation, if we consider the luminosity as given in (5.2). The mass evolution is then found with (6.3) by solving
If one sets the initial mass at u = 0 such that M(u = 0) ≡ M 0 then the mass evolution follows
So that the total evaporation is reached at u = 2560πG 2 0 M 3 0 . On the other hand, if we want to take into account quantum corrections and energy conservation (including its corresponding modified backscattering) it will be necessary to use expression (5.4) for the luminosity. From (5.4) and (6.3), one finds that in order to find the evolution of the black hole mass one has to solve the differential equation
The results of the numerical integration are shown in figure 2 , where the evolution of the mass of the quantum black hole taking into account backscattering and energy conservation is also compared with the previous 'thermal' result (6.4). In general, starting from the same initial macroscopic mass (above the critical mass), the evaporation process is slower than in the standard thermal case if quantum corrections and energy conservation are taken into account. This is due to the lower luminosity in the quantum corrected case or, in other words, to its smaller temperature (see (3.10) for M ≫ m p ). In the lasts stages of evaporation, as the critical mass is reached, the luminosity tends to zero if quantum modifications and energy conservation are taken into account. Specifically, using (5.4) the luminosity around the critical mass (see figure 1) can be approximately described by
where, for instance, we have for γ = 0
If one now uses (6.6) into the differential equation (6.3) with the initial condition M(u = 0) = M 0 , one gets for the evolution of the mass around its critical value the decay
satisfying M(u → ∞) = M cr . In other words, a remnant is formed with a mass of the order of Planck's mass (M cr ). The reader should note that the result of the formation of a remnant does not depend on the necessary consideration of the backscattered radiation since, in case of disregarding it (β EC = 1), the luminosity (5.4) around the critical mass would have been approximately
So that, using (6.3), we would have again obtained the formation of a remnant. Therefore, just by including quantum correction to the effective metric one obtains a picture that necessarily contrasts with the standard thermal picture in which the evaporation accelerates until reaching a sudden total evaporation.
Correlations among the emitted particles
In this section we will try to verify that, taking into account energy conservation in the tunneling process, the emitted particles are correlated, allowing thus the information to escape from the black hole as it evaporates. We can expect this result from the non-thermal behavior found above (3.8) . Following the analysis showed in [19, 20, 21] where the authors linked the existence of correlations among tunneled particles and the entropy conservation of the full system (black hole plus Hawking radiation), we have to compute the statistical correlation C(E 1 , E 2 ) between an event consisting in the emission of a quantum of energy E 1 + E 2 and an event consisting in the emission of a quantum of energy E 1 and a quantum of energy E 2 . Using equation (3.8) for the emission probability
is the change in the hole's entropy [2] [21] . Note that the fact that (7.1) does not have to be zero implies that the imposition of energy conservation lead us to the existence of correlations among tunneled particles and, in this way, the information could escape from the black hole.
In fact, we can distinguish two different regimes. In the one hand, we can consider the regime in which the black hole mass is much bigger than Planck's mass. Then we have
We see that if we turn off the quantum corrections (ω = 0) one recovers the standard result for the correlation [19, 20, 21] . However, the quantum correction provide us with a slightly smaller statistical correlation. On the other hand, if the black hole mass is of the order of the critical mass (and, thus, of Planck's mass) we enter a regime in which quantum corrections become essential. In particular, if we take into account that E ≤ M − M cr , we have (as was seen for the calculations of the luminosity)
and, taking into account (7.1),
Summarizing, thanks to energy conservation information can escape a macroscopic black hole during its evaporation. However as its mass approaches the critical mass only long wavelength massless particles can tunnel out of its horizon carrying an always decreasing amount of information.
Summary and conclusions
In this letter we have considered the radiation coming out from a quantum black hole when energy conservation is satisfied. This has been accomplished by using the tunneling method proposed in [2] (corresponding with the usual picture of pair creation near the horizon and the subsequent tunneling of particles) to a quantum black hole derived in the Quantum Einstein Gravity framework. It is important to remark that, despite the study has been carried out for generic 'improved' quantum black holes, we expect that both the effective black hole solution and the tunneling method should be of limited reliability for black holes around the Planck regime. First, we have seen that the tunneling method leads to a deviation from an exact thermal spectrum when it is applied to the improved black hole, what is reflected in the expression (3.8). However, only in the approximation of emission of low-energy particles (i.e., neglecting second order energy terms in (3.8)), we have been able to assign a quantum corrected temperature for the black hole. This temperature is always smaller than the Hawking-Bekenstein temperature and it even becomes zero for a black hole of mass equal to the critical mass.
Contrary to the thermal emission, we have seen that the tunneling method provide us with a limit for the energy carried out by a particle emitted from the black hole. In particular, we have found the satisfactory result that, in agreement with energy conservation, the emitted quantum must have an energy smaller than the black hole's mass. More specifically, the energy E of the quantum should satisfy E ≤ M − M cr .
In order to study the evolution of the improved black hole as it evaporates respecting energy conservation, we have accordingly also modified the grey-body factor, which allows to consider the effect of the emitted radiation that is later backscattered. We would like to emphasize that the effect of the backscattering can not be overlooked since this would result in luminosities around ten times bigger for macroscopic black holes and the subsequent much faster evolution.
Equipped with the non-thermal distribution and the modified grey-body factor we have been able to derive an expression for the luminosity (5.4) that takes into account quantum corrections as well as the full consequences of energy conservation. The standard 'thermal' result implies a diverging luminosity as the black hole's mass tends to zero. A result that comes directly from the violation of energy conservation. However, by taking into account quantum corrections and energy conservation we have shown that the luminosity reaches a maximum for a non null value of the black hole mass. It even would be zero for a black hole with a mass equal to the critical mass.
We have studied the evaporation process taking into account the back-reaction on the metric caused by the decrease in the black hole mass. The evolution has been compared with the result in the standard 'thermal' approximation showing that the process is slower when quantum corrections are taken into account. In particular, the mass decays in the lasts stages of the evaporation ever approaching the critical mass and, thus, creating a remnant.
Finally, since the claim of information loss in black holes has as one of its pillars that black holes have an exact thermal spectrum, we have analyzed the consequences that the deviation from thermality in the quantum corrected black hole could have for the escape of information. Following the careful method put forward in [19, 20, 21] we have studied the correlations among the emitted particles showing that, contrary to the thermal case, the correlations exist allowing the information to escape. However, in the lasts stages of the evaporation, as the black hole's mass approaches the critical mass, only long wavelength particles can tunnel out the horizon limiting drastically the amount of information that can be carried away from the black hole.
